Neurons in the songbird nucleus HVC produce premotor bursts time locked to song with millisecond precision. In this issue of Neuron, Lynch et al. (2016) and Picardo et al. (2016) provide convincing evidence that the population of these bursts contain a continuous representation of time throughout song.
Although much is known about how movements are represented in motor cortex, there is surprisingly little agreement about the general principles governing the coordination of premotor activity during behavior. One approach to addressing these questions has been to examine how neural spiking covaries with time-varying task parameters. However, the same behavior can be described by several sets of overlapping task parameters, such as those describing position, velocity, or patterns of muscle activation (Kalaska, 2009 ). An alternative approach seeks to relate motor dynamics to the workings of a neural controller for movement (Shenoy et al., 2013) . With either approach, experimenters face the challenge of significant trial-to-trial variability in neural activity.
The variability seen in mammalian motor cortex contrasts with the reliability and temporal precision of spikes produced by projection neurons in the songbird nucleus HVC. In this issue of Neuron, two studies present recordings from large numbers of HVC neurons in individual birds and use the extensive datasets to settle an important debate concerning the functional role of HVC in song production (Lynch et al., 2016; Picardo et al., 2016) .
Juvenile zebra finches learn to sing by imitating adult males early in life, with each bird eventually crystallizing his own unique song. Songs consist of 100-to 250-ms-long vocal gestures called syllables arranged in a stereotyped sequence of three to seven syllables, known as a motif ( Figure 1A ). Individual HVC projection neurons produce from one to several 5-10 ms bursts of action potentials during each motif, time locked to song acoustics with millisecond precision (Hahnloser et al., 2002 ).
An early hypothesis in the field was that HVC contained a high-level code for the song sequence, with dynamic representations of individual syllables encoded in song nuclei downstream of HVC. In the simplest version of this hypothesis, HVC activity locked to syllable onsets triggers downstream activity that generates song syllables ( Figure 1B , top). However, initial recordings of HVC projection neurons showed that bursts could occur throughout the song motif, including during the silent gaps between syllables (Hahnloser et al., 2002) . These data led the authors to propose the continuous ''clock'' hypothesis, in which each time during the motif is marked by bursting in a distinct subset of neurons (Figure 1B, middle) . As a population, HVC neurons would then form a continuous, abstract time code for song production. One attraction of the clock hypothesis is that it naturally suggests a mechanism for generating bursts with high temporal precision: activity in one set of neurons triggers bursting in the next set of neurons and so on down a continuous ''synfire'' chain of activity (Long et al., 2010) . However, the number of bursts recorded from individual birds was insufficient to convincingly demonstrate continuous bursting throughout the song motif.
Recently, Amador et al. (2013) suggested that HVC neurons do not simply mark time but are aligned with specific aspects of the motor program for song. Previously, these authors built a simplified biophysical model of the avian syrinx having just two continuously varying control parameters. By fitting the model to acoustic recordings of song, they defined gesture trajectory extrema (GTEs) as times marked by reversals in the fitted trajectories of one or both control parameters. These GTEs occur densely but not uniformly throughout the song motif ( Figure 1A , green lines; Figure 1B , bottom). Amador et al. (2013) went on to present data from singing birds, suggesting that neural activity in HVC was preferentially aligned with GTEs extracted from the birds' song.
In this issue of Neuron, Lynch et al. (2016) and Picardo et al. (2016) put the GTE and clock models to the test by recording large numbers of bursts in individual birds. In the Lynch et al. (2016) study, data were obtained by serially recording many HVC projection neurons over several recording sessions. Across the five birds analyzed, the lowest number of burst times recorded was 54. In one bird they recorded 136 projection neurons and identified 249 distinct bursts. In three of the five birds, burst events covered 96% or more of the song motif, with the other two birds having lower coverage due to a smaller number of bursts recorded. Picardo et al. (2016) took two different approaches to recording large numbers of HVC bursts from individual birds. First, they used operant conditioning to reward birds for singing in a head-fixed recording apparatus when visually presented with a female bird. Impressively, they were able to coax over 90% of the birds tested to sing with their heads fixed. They virally expressed a genetically encoded calcium indicator in HVC and used two-photon imaging to record the calcium transients in a large number of neurons. The reliability and sparseness of HVC bursting allowed Picardo et al. (2016) to combine data across trials, resulting in estimates of burst onset times accurate to within 3 ms. Using a different approach, they also obtained intracellular recordings from HVC projection neurons. During singing, the membrane potential is marked by periods of stability punctuated by large excitatory synaptic potentials that occur at reliable times in each motif. Under the presumption that these synaptic events reflect bursting in locally connected HVC projection neurons, recordings from a single neuron can be used to estimate the timing of ten or so burst events.
Having recorded a large number of HVC burst events in individual birds, neither Picardo et al. (2016) nor Lynch et al. (2016) found evidence that HVC bursts are preferentially aligned with GTEs. Rather, the data were statistically consistent with the random placement of bursts throughout the song motif. Both groups also show data from individual birds in which bursts cover the majority of the song motif, providing strong support for the notion that HVC contains a continuous, abstract representation of time.
While these data appear to settle an important debate, a disconnect remains between a continuous clock-like representation in HVC and behavioral data indicating that song is constructed as a sequence of syllables. For example, birds startled by brief flashes of light interrupt their song between syllables (Cynx, 1990) . Birds also take short inspiratory ''mini-breaths'' between syllables, suggesting a rhythmic segmentation into syllables at the level of the respiratory pattern generator (Goller and Cooper, 2004) . A precise premotor burst code is also challenged by the bilateral structure of the song system. Activity in both the right and left HVCs are time locked to the bird's song motif, yet the two HVCs are connected only via polysynaptic pathways that pass through the brainstem or thalamus (Schmidt et al., 2004) . The standard notion has been that bilateral signals from the thalamic nucleus Uva serve to resynchronize the two hemispheres near syllable onsets (Schmidt et al., 2004) . But this explanation begs the question of how the two HVCs develop the internal connectivity matched to the timing of a single song motif in the first place.
Fortunately, Lynch et al. (2016) pushed the analysis of their data beyond a simple demonstration of continuous bursting. Given the number of neurons recorded, they were able to examine subtle modulations in burst probability throughout the motif. Although the effect is weak, HVC activity is indeed modulated on the 10 Hz timescale of syllable production, with spike probability subtly increasing near syllable onsets and decreasing near syllable offsets. They also analyzed spike activity in juvenile birds that are just beginning to produce discrete ''proto-syllables.'' As in adults, juvenile neurons show rhythmic modulations of spike rate aligned with syllables. In a separate paper, these authors continuously tracked song development, recording from HVC when proto-syllables were beginning to split, morphing into forms that eventually became separate syllables in the bird's adult song (Okubo et al., 2015) . As proto-syllables split, some neurons burst during both versions of the syllable, while other neurons burst exclusive during one or the other version of the split syllable. This suggests that the population of HVC neurons generating a single protosyllable may split, resulting in multiple chains of premotor activity in HVC. By gradually remapping connections downstream of HVC, the new chains can eventually come to drive distinct syllables in the final song motif.
While constructing syllable sequences by splitting of proto-syllables is an intriguing idea, there is much to be understood about the coordination between bursting at the 5-10 ms timescale and the organization of song as a sequence of syllables. Here, the reliability and precision of zebra finch song may actually pose some difficulties. For example, it will be a challenge to isolate the effects of syllable-based afferent input to HVC if the main effect of that input is to make slight timing adjustments to internally generated patterns of HVC bursting. This may be less of a problem in juvenile birds where song is less tightly organized, but then one must confront the inherent nonstationarity of developing song. Another (C) Schematic of burst timing. Five bursts were generated near GTEs and five were generated from a uniform distribution. Sparsely recorded data are sufficient to rule out the syllable onset model but cannot distinguish between the uniform and GTE hypotheses. All plots are time aligned to the song motif. approach is to use song-triggered aversive noise feedback to experimentally drive birds to alter song timing (Ali et al., 2013) . Ultimately, it may be best to take a comparative approach, studying songbird species such as the Bengalese finch that produce songs with probabilistic sequence transitions (Warren et al., 2012) .
All of these potential research directions stand to benefit from the head-fixed singing preparation developed by Picardo et al. (2016) . In addition to enabling twophoton imaging, greater stability should make intracellular recording in singing birds less of a heroic endeavor and will enable simultaneous multi-unit recording from several song nuclei. In addition to new insights that will likely be gained from population recordings, these techniques should lead to greater numbers of neurons being recorded in individual birds. And, as in the Lynch et al. (2016) and Picardo et al. (2016) studies published here, sometimes the answer to important questions become much clearer when you gather a lot of data.
